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- diffract from the crest in the same manner. The amplitude
ratio of the boundary wave to the diffracted volume wave,
where the growth of the boundary wave from the crest is
due to a phased line source at the crest caused by the
diffracting volume wle, was found to have an average fre-
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ABS TRACT

The theory for the generation of a scattered acoustic

boundary wave over a slightly rough planar surface has been

developed by I. Tolstoy [J. Acoust. Soc. Am., 66 1135-1144

(1979)] and experimentally verified by Medwin et al., [J.

Acoust. Soc. Am., 66 1131-1134 (1979)]. In the present experi-

ment the propagation of the boundary wave over a wedge is

studied. It is found that the boundary wave and the geo-

metrically spreading volume wave diffract from the crest in

the same manner. The amplitude ratio of the boundary wave

to the diffracted volume wave, where the growth of the boundary

wave from the crest is due to a phased line source at the

crest caused by the diffracting volume wave, was found to

have an average frequency dependence, f2 , and an average range

lependence, R+ 0 5 . The amplitude ratio of boundary wave to

diffracted volume wave due to propagation over the rough wedge

2gave an average frequency dependence of f and an average

range dependence of R0 3 . Low wave number grazing propagation

over a wedge produces a boundary wave whose amplitude can be

many times that of a diffracted volume wave for a smooth

surfaced wedge.
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I. INTRODUCTION

The formation of a boundary wave due to coherent multiple

Rayleigh scatter above a slightly rough planar surface was

predicted in a theory developed by Tolstoy [Ref. 1] and veri-

fied experimentally by Medwin et al., [Ref. 2]. The major

importance of this development, from an applications point

of view, is that the amplitude of the boundary wave becomes

larger than the spherically diverging volume wave at large

ranges and frequencies. The theory for diffraction at the

crest of a rigid plane wedge by sound radiated from a point

source has been developed by Biot and Tolstoy [Ref. 3] and

simplified for high frequencies by Medwin [Ref. 4]. This

experiment observed the behavior of the boundary wave as it

is generated, diffracted, and continues to grow over a rough

wedge.

The boundary wave amplitude over a rough wedge results

from three components; first, the boundary wave grows as a

result of generation from the source to the crest; second,

the boundary wave continues to grow after it diffracts at the

crest; and third, the diffracted volume wave generates a

boundary wave as it propagates beyond the crest.

It is the aim of this paper to be able to predict the

behavior of the boundary wave as it propagates over a rough

surfaced wedge. To achieve this, first, the behavior of the

14



boundary wave as it diffracts over the crest must be under-

stood, and second, how the boundary wave continues to grow

as a result of a source composed of the diffracted boundary

wave and diffracted volume wave.

15



II. THEORY

At present there is no theory which describes the

behavior of the scattered acoustic boundary wave as it dif-

fracts over a slightly rough surfaced wedge. There do exist,

however, two separate theories which individually describe

difference aspects of the phenomenon.

The first aspect is the diffraction of acoustic energy

over a smooth wedge. In 1957, Biot and Tolstoy presented a

closed form solution by the use of normal coordinates for

the diffraction of a pulse by an infinite rigid wedge (Ref. 31.

This solution modified for a delta function point source by

Medwin [Ref. 4] gives the diffracted pressure as:

=-S C(

p(t) -(-) rr sinhy]-l exp(- y/e)] (1)

sin[(7/ ) (Ti±ee 0 )
l-2exp(-7y/eW )cos[(r/e ) (±a±0 )]exp(-27y/e) (2)

22 2 2 2)

c2t 2  (r +r 0 + z

y = arc cosh[ 2 r r0  (3)

where

S - Delta function source (m 3/sec)

= density of medium

,: = speed of sound. (See Figure 1)

16



0z

= fluid filled region above the wedge

S= angle between the wedge side and the source

= angle between wedge side and the receiver

r = distance from source to wedge aptx

r = distance from wedge apex to receiver

z = distance out from the least time travel path
along the wedge apex

Figure 1. Geometry Diagram For Biot-Tolstoy Theory
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The term (r±6±e0 ) is written for simplicity, but in actuality

is the sum of four terms composed of all the different com-

binations of angles.

The interaction of the diverging spherical wave with the

crest of the wedge results in a reradiated cylindrically

spreading wave. The strongest point of the diffracted wave

from the crest exists around the least time path, therefore,

this is the area of most concern. The least time path is:

2 2 1/2
S [(r +r 0)

2 + z2 /c (4)

The other principal energy paths occur at times shortly

after T

T = t - r0  << T0

Then

P (T)= Sp8/47/7e(T- 0 r r 0 ) 1/2] (5)

Ps(

when

T 0  << 1

Rewriting P (r) - AT "I 2si

A = Sa/[(47T6 ) (2 0 r0 r) 1/2 (6)

18



Transforming this equation for times small compared to

least time

P (f) = (A/2) (1 + i) f-i/2 (7)

Therefore looking at the diffracted wave amplitude (DWA)

for times small compared to the least time

IPDWAi Soa/(47te) (2T 0 r 0 r) 1/2 /f fl/ 2  (8)

The second aspect is the propagation of acoustic energy

at grazing incidence over a slightly rough plane surface.

Again a theory laid by Biot and extended by Tolstoy [Ref. 11,

predicts this behavior. This theory is unique in the fact

that it allows for multiple Rayleigh scatter and accounts

for the coherent addition at near grazing incidence. Addi-

tionally, this theory is first order in ek rather than second

order as in other theories. The roughness parameter £ has

the dimensions of length and is proportional to the volume

of roughnesses per unit area of plate. It takes account of

the close interaction effect. For close-packed hemispheri-

cal bosses E/h = 4.44 E-2 where h is the separation of bosses.

The published theory describes the scattering over small

rigid hemispheres of radius a, separated by h, such that

ka < kh < 1, insonified by near-grazing radiation from

a point source.

19



The normalized spectrum of the total scattered wave at

far field, near-grazing conditions kr >> 1 and e << 1 is:

[Ref. 2]

P " k2 1e2 +2T exp[-2Ek 2 (z +z 0 )]

2-, 1/221/

+ 2( 1r e sin(kr -)exp[-Ek 2 (z +z 0 )111/2

(9)

where

-1e tan [(z - z0 )/r (10)

This expression contains a volume scattered wave, a boundary

scattered wave, and a cross term. The normalized spectrum

of an impulsive point source embedded in the surface is:

P5  = (2R) (11)

where

R = (z2 + r2 )1/2 (12)

Since the source and receiver are on the surface, z0 = z

0 and r - R therefore the boundary wave amplitude (BWA) is

PBWA ;(2!R) -1'2 k3 / 2  (13)

20



The ratio of the boundary wave pressure amplitude to that of

the spherically spreading volume wave is:

= (2?R)I/ 2 k3/ 2  (14)
PBwA/Ps21

21



III. RESEARCH FACILITIES

A. ANECHOIC CHAMBER

The experiment was conducted in the Naval Postgraduate

School anechoic chamber. The low signal levels necessitated

that the experiment be run in a noise isolated environment.

The anechoic chamber is designed as a "floating" room-within-

a-room construction to minimize outside noise. The outer 12"

concrete wall is separated from the inner wall and floor by

a 2 inch blanket of fiberglass or cork. Fiberglass wedges

which are 40 inches deep surround the ceiling, floor, and wall

of the inner room which has a volume of 5000 cubic feet.

These wedges trap the incident sound and absorb approximately

99% of the energy of frequencies greater than 100 Hz. Tests

to determine noise in the chamber by comparing a Bruel &

Kjaer (B&K) receiver 4134 (with no source) to the receiver

blocked by two 1/4" aluminum plates showed noise level differ-

ences of approximately .1 dB or less over frequency range

2-30 kHz (see Figure 2).

B. DATA ACQUISITION AND PROCESSING EQUIPMENT

The signals were sent by coaxial cable from the anechoic

chamber to the adjacent room for collection and real time

processing. This was accomplished by using a digital computer

system designed by the Special Projects Section of the Naval

Air Development Center in conjunction with Pinkerton Computer

22
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Consultants, Inc., of Warminister, Pennsylvania. The system

consists of four primary components interfaced to provide

high speed analog to digital conversion, digital processing,

data storage, and data printout. The entire system is shown

in Figure 3. The following major components are:

1. Interdata Model 70 Computer

This minicomputer is a digital design with a 64

thousand byte memory and is programmable in FORTRAN or BASIC.

In addition to core memory, data can be stored on floppy discs

for subsequent processing.

2. Phoenix Analog to Digital Converters, Model ADC 912

The Model ADC 912 is a very high speed, high accuracy

analog voltage to digital converter capable of encoding :-10

volt input signals into twelve binary bits of data, with a

resolution of one part in 4,095 at a maximum rate of 2 micro-

seconds per conversion. It measures the input voltage against

an internal precision reference voltage source with an accuracy

of ±0.025% of full range. The input will settle to within

specified accuracy within 100 nanoseconds after the applica-

tion of a step function of full range magnitude. This fast

settling time and the successive approximation encoding pro-

cess will accommodate a typical commutating through-put rate

of 476,190 channels per second, including input settling time.

The sampling frequency is generated by using a General Radio

1312 Decade Oscillator, whose stability is .001%, being applied

via a sampling circuit.
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3. Texas Instruments Silent Electronic Data Terminal,

Model 733

The TI-733 consists of a keyboard used as a programm~ing

input/output control device, a printer, and a transmit/

receiver mechanism going to a peripheral disc drive unit.

4. Orbis Model 76 Diskette Drive

The Orbis Model 76 Diskette Drive is a small, porta-

ble, direct access, 256 kilobyte floppy disc data storage

device. The magnetic discs provide the capability of storing

large quantities of data for later computer analysis.

The overall system allows for the fast collection and

processing of any desired analog signal. This system was

utilized primarily to do frequency analysis by a Fast Fourier

Transform algorithm.

C. EQUIPMENT LIST

Abbreviation Description

Scope Tektronic Type 551 Dual-Beam
oscilloscope

Frequency Synthesizer General Radio 1312 Decade
oscillator

Timing Simulator Interface Technology Timing
Simulator/Word Generator, Model
RS -648

Frequency Counter Hewlett Package Model 5223L
Electronic Counter

Filter HP Krohn-Hite Frequency Filter,
Mode 3342

Filter LP Krohn-Hite Frequency Filter,
Model 3322
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PAR Amplifier Princeton Applied Research
Amplifier, Model 113

Source Bruel and Kjaer Type 4145
Condenser Microphone

Receiver Bruel and Kjaer Type 4133
Condenser Microphone

MIC Power Supply Bruel and Kjaer Microphone Power
Supply, Model 2804

ARB Wavetek Arbitrary Waveform
Generator, Model 175

MIC Preamp Bruel and Kjaer Model 2619

Power Supplies Hewlett Packard Model 721A

Power Amplifier Kilowatt Amplifier Model L2
Instruments, Inc.

Oscilloscope Hewlett Packard Model 140A
Oscilloscope
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IV. EXPERIMENTAL DESIGN AND PROCEDURES

A. WEDGE CONSTRUCTION

The experiment required the construction of two identi-

cal plane wedges. One wedge was to be used as the smooth

surface reference and the other to be converted into a rough

surface. Each wedge was constructed of two one-fourth inch

aluminum plates, 152 cm. wide and 60 cm. long, joined together

at an angle of 152 degre': s. Aluminum was chosen as the build-

ing material due to its rigidity and its reflection coeffi-

cient of almost unity. A one inch hole to be used for the

source was drilled along the centerline 20 cm. from the crest

of the wedge. on the opposite side of the wedge, one-half

inc-h holes for the receiver were drilled at 5 cm. intervals

from 5 to 35 cm. Additionally, one receiver hole was drilled

20 cm. in back of the source (see Figure 4)_. A threaded

plug and two non-conducting threaded sleeves were machined to

hold the source and receiver rigid. Also the rough plate

had a metal border one-half inch high placed 35 cm. from

centerline on the sides and along the back of the wedge to

facilitate the packing of the spheres (see Figures 5 and 6).

The Tolstoy theory calls for a rough surface to be com-

posed of hemispherical bosses with a maximum hexagonal packing

density. To achieve this, it -,3 proposed to submerge a

layer of #9 chilled lead shot, two millimeters in diameter,

in some kind of adhesive material. The material was required
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Figure 4. Diagram of Wedge Construction
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to be free of air cavities and to be strong enough to hold

the bosses in place. Bailey [Ref. 5) had previously used

rubber cement, however, the probability of glue drying with

air cavities was thought to be high. Therefore, different

varnishes thinned to different thicknesses were tried. The

varnishes, however, tended to dry leaving bare areas around

the bosses. Also, the liquid tended to push the closely

packed hemispheres apart and, furthermore, it was difficult

to keep from covering the tops of some of the spheres.

A new approach was tried where the material could be

applied, allowed to harden, and then the shot rolled on and

pressed in. The material chosen was paraffin, because of its

low melting point and ease of application. The procedure

used was to melt the paraffin and apply a thin coat over the

entire surface to be covered. The paraffin solidifies quickly

and with the use of metal rulers can be shaved to .75 mm.

thickness, which was the experimentally determined height

required to cover the spheres to their equator of 1.0 mm.

The shot was then placed into position by a combination of

shaking and handpacking. Approximately 20.0,000 shot were

required to cover each surface. With the shot in position

the paraffin was heated very slowly in spots by the use of a

hand air blower and allowed to sink. This method, while time

consuming, results in the formation of a uniform hemispheri-

cal surface (see Figure 7).
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B. SOURCE/RECEIVER SELECTION

The Tolstoy theory requires a point source whicn radiates

spherically symmetrical waves. To meet this requirement a

radiater must have dimensions small compared to a wavelength,

in other words, ka' - I where k is the wave number and a'

is the radius of the source. The selection if a source is

further complicated by the need for a strong signal to give

sufficient diffracted energy over the wedge. Particle veloci-

ties at small distances from coint scurces become very large

with the result that a small source of sounvd is inherently

incapable of generating spherical waves of large intensities.

Likewise, it is impossible to zcnstruct a sound source of

moderately small size that is capable of radiating large

amounts of power at low frequencies.

An attempt was made to construct a microphone which could

meet the previous requirements. Prior work by Bremhcrst had

shown that B&K microphones, while of h:gh qualit., were imited

in amplitude by driving voltage and alsc gave an undesired

ringing response when an impulse signal was applied. Fur

electrostatic transducers, two 3 inch diameter and two inon

diameter, were fabricated in accordance with reference -).

Mylar was to be replaced by PVF,, Polyvinylldene Flccride,

if successful. The microphones were ccnstr~cted with an

adjustable large air cavity to control stiffness and thus

improve sensitivity. Also the backplates were des, :ned :rrr

reference 7 of different roughness. The tackrIaes were
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constructed of concentric rings .23 mm. wide and separated by

4 mm. The rings were 1 and 10 micrometers thick to give a

different roughness effect. These microphones also gave a

ringing response to an impulse signal. Even more critical

was their lower amplitude and lack of stability. The response

tended to decay slowly over several weeks which was attributed

to the weakening of the glue holding the Mylar secure. It

was then decided to continue to use the B&K's. The B&K model

4145 one inch diameter microphone was chosen, because of its

greater source strength. The flush mounting of the source

created a problem in signal strength due to the directivity

of the microphone. As a result of the mounting, the majority

of the energy (at grazing incidence) over the plate is radiated

from side lobes. Consequently, the desired extra signal

strength from larger sources was not fully realized because

of increasing directivity with increasing microphone size.

To correct this problem a brass circular cac, 7 mm. high with

a 5 mm. diameter hole on the perichery, was manufact.red. The

cap was filled with tacke'; wax as shown in Fi.gure i. avoid

standinc wave interference, the dimensions of -he zap were

kept small zompared to the smallest wavelength° i. = mm . for

a 40 kHz signal. The resulting ;ain in si.nal strenc.ctn 3

higher frequencies was quite pronounced as shown in Tat~e

The power amplifier, model L2 :nstr':ments .nc., aiiwed
more flexibiilisy n AC drl.'ing v.tace and tess istcr- r.

than the North Hills Pulse Transfrmner ;sed r' a The
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Table 1.

Net Gain of Signal Resulting from Source Cap

Freq. 1" source 1" source Net (dB) effect
(kHz)_ no capQ (dB) with cap (dB) improvement

2 34.9 42.2 + 7.3

4 40.1 43.7 + 3.6

6 34.9 38.8 + 3.9

8 34.6 36.3 + 1.7

10 36.0 37.5 + 1.5

12 35.4 33.5 - 1.9

14 33.9 29.3 - 4.6

16 39.5 27.8 - 1.7

18 22.3 25.1 + 2.8

20 15.7 20.7 + 5.0

22 9.34 17.7 + 8.36

24 -. 957 13.8 +14.76

26 4.16 13.3 + 9.14

28 2.91 14.6 +11.69

30 5.19 13.6 + 8.41

32 2.77 12.4 + 9.63

34 -4.48 10.3 +14.78

36 -13.7 8.83 +22.53

38 -15.4 9.22 +24.62

40 - 6.54 9.70 +16.24

Measurement taken 90' to axis of source over a smooth
plate at a range of 20 cm.
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microphone 4145 can be driven with a maximum of 250 volts

DC plus AC peak (Ref. 8]. The combination of 150 volts DC

plus 100 volts AC peak gave the strongest signal.

The choice of receiver had to be balanced between desired

frequency range and sensitivity. The 1/2 inch B&K model 4133

was selected as the optimum choice. The 4133 has an open

circuit frequency response flat within t2 dB from 3.9 Hz to

40 kHz and an open circuit axial sensitivity -38 dB re lV/Pa.

Since the receiver was flush mounted, it was necessary to

have the face of the transducer small compared to a half

wavelength for the highest frequency to avoid pressure aver-

aging over the face. To accomplish this, an 8 centimeter long

probe tube of outer diameter 3.2 millimeters was selected.

A compatible B&K Model 2804 DC microphone power supply was

used in conjunction with a B&K Model 2619 preamplifier for

this 1/2 inch condenser microphone. The power supply runs

on batteries and is therefore electrically quieter; additionally,

there is no heating element for the microphone thus reducing

thermally induced signal fluctuations.

C. SIGNAL PROCESSING

1. Source Signal

The experimental procedure was to take two sets of

measurements propagating over the smooth wedge arnd two sets

over the rough wedge. These runs were then assumed to be

independent and four different combinations of data could be

calculated. The source always remained at a fixed position
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of 20 cm. from the crest and the receiver positions were

varied from 5 to 35 cm. on the opposite side of the wedge.

Once the source and receiver were positioned, the Wavetek

Arbitrary Waveform Generator (ARB) was triggered to generate

a 2.0 kHz half triangular pulse. This waveform. was chosen

because its frequency spectrum consists of the fundamental

and all its harmonics. This enablesthe analysis of a broad

range of frequencies. The signal then goes through a power

amplifier which inverts the signal and brings the amplitude

to 100 volts AC peak. The 100 volts AC is sent via a junction

box (Figure 9) which combined the AC signal with 150 volts

DC biasing voltage. The total maximum allowable voltage of

250 volts DC plus AC peak was then sent to the B&K Model 4145

source.

2. Received Signal Processing

The signal received by the B&K Model 4133 is amplified

by a PAP. Model 113 preamp with a gain of 10K. The signal is

then band passed through a series of filters, the Krohn Hite

3342 and Krohn Hite 3322, which were set to be high pass and

low pass respectively. Both filters had their left and right

channels connected in series to give 96 and 48 dB; attenuation

per octave. The signal is then passed through another PAR

113 whose gain for each data position was adjusted to approxi-

mately t10 volts of signal output to maximize the use of the

dynamic range of A/D converter (see Figure 10) . In addition

to increase reproducibility of high frequency data over the
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Figaure 10. Received Signal Filtering and rzplification Rac-k
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wedge, the high frequencies were bandpassed from 16 to 42

kHz. This enabled the signal to be amplified more and with

the aid of increased averaging achieved greater reproducibility

(see Table II).

3. Experimental Control

The Interface Technology timing simulator acted as

the command and control device for the experiment. The timing

simulator was programmed to trigger the ARB once every 22

milliseconds and then through a sampling circuit established

the sampling window. The sampling window could be left on

for any predetermined time and then gated off with 100 nano-

second accuracy.

In order to have a source of very stable frequency,

a sampling circuit was designed (Figure 11) . The sampling

circuit was constructed of two IC devices, two DC power supplies,

and a General Radio 1312 Decade Oscillator. The oscillator

has the stability characteristics of a crystal oscillator,

therefore providing a constant frequency source to the A/D

converter. The circuit operates in the following manner.

The oscillator generates a constant frequency sine wave which

goes through a LM 710 CN, voltage comparator, which changes

the sine wave into a square wave, which is required by the

A/D converter. This output along with the output from the

timing simulator goes to the two inputs of the 7408 AND gate.

As long as the positive trigger from the timing simulator is

received the AND gate is open and allows the sampling frequency,
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Table II

Increases in Reproducibility due to Signal Processing

Freg. Parameters (1) Parame~ters (2) Parame~ters C 3) Parameters (4)
kflz Run 1/Run 2 Run 1/Run 2 Run 1/Run 2 Run 1/Run 2

2 41.1 41.1 xocx ,ooc 41.0 41.0 X=o ,ooc
4 46.2 46.2 xooc xox 46.5 46.5 xooc ,oo
6 47.6 37.6 xooc xoo 37.5 37.4 'cac xoo

8 37.1 37.2 xocc xox 37.3 37.3 xooc xoo

10 41.5 41.4 xcoc xcc 42.5 42.5 'ccc xoc

12 38.3 38.3 'ccc 'cc 39.5 39.4 'ccc xoc

14 32.2 32.3 'ccc 'cc 33.2 33.2 'cc oc

16 28.2 28.2 33.7 33.7 29.6 29.6 35.7 35.7

18 22.1 22.2 34.0 34.1 29.4 24.4 36.5 36.5

20 15.4 16.7 29.2 29.2 19.4 19.4 32.1 32.2

22 13.4 14.3 26.0 26.8 18.8 18.9 29.7 29.7

24 8.69 8.95 19.5 18.8 13.6 13.5 22.8 22.6

26 -1.47 .256 13.0 11.2 -2.47 -1.67 15.4 14.5

28 2.13 1.61 17.3 16.7 11.2 11.6 21.8 21.4

30 6.17 4.35 16.5 19.5 11.7 11.7 20.4 20.1

32 6.56 7.12 18.8 17.0 10.6 10.4 19.5 19.4

34 9.20 8.96 20.0 18.1 6.03 5.68 19.1 19.3

36 4.92 5.69 17.1 15.7 15.7 -20.8 17.8 17.7

38 -2.08 -2.71 13.8 13.5 3.25 3.79 16.8 16.9

40 -13.0 -9.27 10.6 9.97 6.49 6.73 12.2 11.8

Parameter 1 - R =10 ,R = 20,'Bandlimit 1.5-42 kc~z/1000 averages!
Amrplification 200k/Sncoth wedge

Parame~ter 2 - R =10, R = 20/Bandlixnit 16-4 2 kHz/1000 averages/
Am~pification l000k/Sm~oth Wedge

Parame~ter 3 - R=10, R =20/Bandlirnit 1.5-42 kHz/9999 averages/
Amplification 200k/Rougki to Snvoth Surface Wedge

Paramete~r 4 - R=10, R =20/Bandlimit 16-42 kHz/9999 averages/
Amrplification 1000k/Rough to Smo~oth Surface Wedge
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to pass. The length of the positive trigger which is pro-

grammable, establishes the sampling window (see Figure 12).

4. Computer Processing

The computer Fast Fourier Transform (FFT) algorithm

requires that the number of samples be a power of two, i.e.,

64, 128, 256, etc. To avoid truncation errors and eliminate

sidelobes, the samping frequency and ARB frequency were sent

to the frequency counter and an exact integral ratio to five

significant figures of the number of samples was obtained.

The input signal was bandlimited to 42 kHz, therefore a

sampling frequency of 256 kHz was chosen which is three times

greater than the Nyqu:.st rate required to avoid aliasing.

The ratio of sampling frequency to ARB frequency allows for

128 samples which gives a sampling window of 5 milliseconds

and a frequency resolution of 2 kHz.

To improve the signal to noise ratio, signal averaging

was incorporated into software prior to doing the FFT. The

data could be averaged for a maximum of 9,999 samples which

required 22 minutes to complete. The improvement received as

a result of averaging is 10 log /N where N is the number of

samples averaged. As a result 20 dB gain in signal to noise

ratio is achieved. Additionally, bandlimiting the signal to

either the band 1.5 to 40 kHz or 16 to 40 kHz, a higher S/N

was possible for these bands.

The procedure used for collecting dnd processing data

was to take two data runs for each bandwindow at a specific
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range over the rough and smooth wedges or plates. 9999

samples of data were averaged and then Fourier transformed.

The Fourier transformed data was printed out and stored on

magnetic disc for each frequency from 2 to 40 k~z in 2 kliz

increments. The information was then printed out in four

columns for each frequency. These columns were titled,

amplitude, phase angle, A (real part) and B (imaginary part)

of the complex form. To determine the magnitude and phase

angle of the boundary wave, a computer program was written

which would subtract the smooth surface, real and imaginary

components, from those of the rough surface. The differences

were then the complex components of the boundary wave. To

obtain the amplitude of the boundary wave, these individual

components are each squared, added, and the square root taken.

The phase angle was calculated from the arc tangent of the

imaginary component divided by the real component. The

boundary wave amplitude (BWA) was then divided by the volume

wave amplitude (VWA, for planar surface) or the diffracted

wave amplitude (DWA, for wedge) to determine the ratio of

BWA/(VWA or DWA) for each corresponding frequency. Additionally

the difference in phase between the BWA and (VWA or DWA) was

calculated for each value. These data points were then com-

pared to the theoretical curves.
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V. EXPERIMENTAL RESULTS AND ANALYSIS

Four tasks were identified for this experiment. The

first task was to verify Bailey's [Ref. 5] work in order to

be assured that the wave propagating towards the crest of

the wedge agreed with the Tolstoy theory. This step veri-

fies the exactness of the construction of the closely packed

hemispherical surface to theoretical requirements and also

insures the proper functioning of the equipment. The second

task was to measure the effect of a boundary wave propaga*.-ng

on a rough surface and diffracting over the crest of the wedge

onto a smooth surface. The third task was to determine the

boundary wave growth generated by the phased line source at

the crest which is associated with a spherical wave interacting

with the wedge. The fourth task and the goal of this experi-

ment is to determine the characteristics of a boundary wave

propagating and diffracting over the wedge from one rough sur-

face to another.

A. REVERIFICATION OF PROPAGATION OVER A ROUGH PLANAR SURFACE

This part of the experiment was run at a range of 20 cm.

from source to receiver over the rough planar surface. It

was desired to have both source and receiver height to be 0

*1cm. as specified in the theory. To determine the point on

the source to be used as a reference for the height above

the bosses was complicated by the hole in the brass source
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cap. It was found that the correct pcsitiDrning :f che scurce

was essential for the experiment to come wi-nin close agree-

ment with theory and previous results. Ficre 13 shows the

results of I mm. variations in height of the scu.rce. The

position where the bottom of the hole of the source cap is

1.12 mm. down from the top of the hemisphere was chosen be-

cause it more closely agreed with theory (see Figures 14 and

15). The receiver probe was experimentally determined to be

not as sensitive to variations in height as was the source.

The receiver probe was placed level with the cop of the hemi-

spheres. The amplification factor of the signal was 20 thou-
sand through PAR I and 2 thousand through PAR T7. The signal

was bandlimited from 1.5 to 42 kHz and 9999 averaging was

used. Figure 16 shows data from three runs taken on two

separate days. The agreement with theory is very close up to

f = 24 kHz, Kh = 0.9. An oscillation effect at lower fre-

quencies which was present in the Bailey experiment (Ref. 21

is now absent. This is attributed to the paraffin being a

better material for avoiding air cavities and the improved

S/N of the present experiment. A graph of the phase differ-

ence between the boundary wave and volume wave is presented

in Figure 17. The graph demonstrates that with increasing

frequency the scattered component lags farther behind the

incident wave.

At frequencies greater than Kh = 1, it was observed that

the boundary wave was larger than the volume wave at this
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range (20 cm.) . These results are beyond the limits of the

theory; and are considered important from an application

point of view. The data for the entire experiment was there-

fore taken out to 40 k~z which was essentially the limit of

the equipment in order to maintain reproducibility in the

presence of the remaining background noise.

It was then desired to observe the effects of varying the

receiver height from 0 to 3.0 cm. above the surface of the

bosses. This measure essentially gives the effective height

of the scattered boundary wave. The results of these varia-

tions (z in equation 9) are plotted in Figures 18, 19, and

20. In Figures 18 and 19, the results are compared to the

theory line for height 0. It can be seen that as the receiver

is moved away from the boundary surface the boundary wave

becomes weaker. Fig-tire 20 shows that at low frequencies and

small values of Z the experimental data agree well with theory

but at higher frequencies and Z >' 0.5 cm. the two deviate more

as the height of the receiver is increased. The reason for

the deviation is that in addition to the constraint Kh <z 1,

the theory holds only for << 1 (that is for Z0 +Z << R),

therefore, at R. = 20 cm. for Z < 2.0 cm. Figures 21 and 22

demonstrate the b-11avior of the phase as the height of the

receiver was changt. Again it is seen that at higher fre-

quencies the phase difference (BW-VWV) is larger.

In summary, experimental data agreed closely with the

Tolstoy theory for propagation over a rough plane surface.
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This agreement confirmed that a satisfactory surface rough-

ness had been achieved and that the equipment was function-

ing properly. Upon completion of this phase, the experiment

proceeded to task two.

B. THE DIFFRACTION AND PROPAGATION OF A ROUGH SURFACE

BOUNDARY WAVE OVER A PARTIALLY ROUGH WEDGE

For this trial the front side of the wedge was rough to

permit boundary wave growth and the backside of the wedge was

smooth. The expected loss in signal strength due to greater

ranges and diffraction over the wedge required that the sig-

nal be processed differently. From previous observations, it

was observed that to have small variations in results the

data were required to be reproducible within .1 dB at 2-14

kkiz, and .3 dB at 16-40 kHz. The higher tolerance at higher

frequencies for 16-40 kHz is made possible by the stronger

boundary wave. A band from 1.5 to 40 kHz was run using ampli-

fication through PAR I of 10 thousand and through PAR II of

20. The high frequency signal was so much weaker than the

lower frequency signals that there was no problem in leaving

the bandwidth wide. However, to collect reliable high fre-

quency information it was necessary to have a high frequency

passband, 16-42 kHz in order to attenuate the low frequency

signals enough for additional amplification to be used. There-

fore the Krohn-Hite Model 3342 filter was substituted for the

previously used model 3550 in order to gain an additional 72

more dB attenuation per octave. The amplification factor

used for the high frequency bandwindow was 10 thousand through
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PAR I and 100 through PAR II. The increase in reproducibility

due to amplification alone was not sufficient and additional

averaging was required. The averaging was increased from

1,000 to 9,999, which was the maximum limit of the available

OPHELEA computer program. Table II demonstrates these effects.

The high frequency band at ranges greater than 10 cm. from the

crest had a negative signal to noise ratio. To insure the

desired signal was being received at maximum range, a run

was compared with signal on and signal off. These results are

given in Table !II and demonstrate the necessity of being

able to average the signal many times. The dB reference is

.18 Vrms therefore a signal level of 20 dB in the high frequency

band represents a signal strength of 1.8 microvolts.

The results of these data runs from 5 to 35 cm. are shown

in Figures 23-36. In Figures 23-29, two runs have been plotted

out of the possible four combinations for both frequency bands.

In the experiment the data were taken first over the

smooth then the rough surface and repeated in that order.

Figures 30-36 show the variation in range of the data. At

R = 5 cm. there is only 1 run in the (2-14 kHz) band. The

reason was that previously this run had been made using 1000

averages and the data had shown a small variation, therefore,

at this range the additional averages were not necessary.

However, to have all the data to be averaged 9999 times this

one run was taken. The R = 5 cm. values from 16-40 kHz do

show the range in values fLrom the four possible combinations
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Table III

Table of Source ON/OFF Data

Freq. Parameters - R=35, R0=20,/Bandlimit 16-42 kHz/
kHz 9999 averages/Amplification 1000K/

Smooth Wedge

Run I Run II Run (No Signal)

16 26.1 26.1 -5.50

18 26.1 26.2 .371

20 21.8 21.6 4.88

22 17.6 17.7 1.41

24 11.5 11.4 -1.79

26 6.28 5.97 .430

28 8.99 8.36 1.51

30 9.97 8.55 -2.06

32 9.80 10.8 -3.06

34 10.6 9.27 2.79

36 8.15 8.57 -7.59

38 6.20 6.40 -5.48

40 4.73 4.09 -4.45
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Figure 23. Ratio of BI- to DNA vs. Frequency (R = 5 cn ; R = 20 an,
Z = Z = 0 an, I = Run I (1.5-42 kHz), 0 = Run 0I
(16-49 kHz), and x = Run II (16-42 kHz)

64



4.0

3.8

3.6

3.4

32

3.0

2.8

Q,
0 2 .4

2.2 

~2.0
0

"- 1.8
o +
o 1.6

~ 1.4 I

1.2

1.0

.8

.6 "

.4

.2

i tI t I.- a

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 24. Ratio of B to DUA vs. Frequency (R = 10 crJ;
R0 = 20 an, Z = Z0 = 0, 0 = Run I, and = Run II.

65

_ . . . _-. . . . .. ... i i A= . . . . . . . . . . . .



4.0

3.8

3.6

3.4

32
3.0

2.8 
T

~2.6

0 2.4

2.2
22110

~20 m D

.. i.8 e

o 1.4 0

1.2

1.0

.8

.6 Is

.

1.2o

4 8 12 16 20 2428 3236 40
FREQUENCY (K HZ)

Figure 25. Ratio of MA to 9A~A vs. Frequency (R =15 an);
R 0= 20an, Z =Z0= ,= Runand=Run II.. 0 6

.66



4.0

3.8

3.6

3.4

32

3.0

2.8

~2.6
0

0 2.4
I-I

22 
<T

3 2.0 -

o 1.6
_ 0 0

1.2
1 .0 @

.8

.6 6

.4 0
40o

.2 0 00

U I g I I I I i a

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 26. Ratio of 3JA to DNA vs. Ftrequency (R = 20 cin);
R0 = 20 cm, Z Z 0 = 0 cm, 0 = Run I and = n II.

67



4.0

3.8

3.6

3.4

32

3.0 T
2.8 1

- 2.6
~t

o 2.4

2.2

LL 1.8

o 1.6 A

00< 1.4 A A

1.2 0

1.02

.8

.6

.4

.2 00

SI J I B I 

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 27. Ratio of 3'A to EA vs. Frequency (R = 25 cn;
R0 = 20 an, Z = 0 = 0.0 cm, 0= ,in I and = Run II.

68



4.0
3.8

3.6

3.4

32

3.0

2.8

~2.6 .

0 2.4

2.2

L.. 1,82I.0

o 1.6+

1.2 A 0

:i 1.0

.8

.6

.4

.2 0
s I . I j I e e

4 8 12 16 20 24 28 32 36 40

FREQUENCY (KHZ)
Figure 28. Ratio of BW to IW vs. Frequency (R = 30 cm)J;

R = 20 an, Z = Z = 0.0 an, 0 = Run I and A = Run II.
0 0

69



4.0

3.8

3.6

3.4

32

3.0 +
2.8 .

2.6

2.4

2.2

U- 1.8
00

o 1.6A A

I.-< 1.4 A

1.02

.8

.6

.4
.2 a 00

' - - f ' ; l

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 29. Ratio of B k to DA vs. Frequency (R = 35 an);
R0 = 20 , Z =Z 0 = 0.0 cn, = Run I and = Run II.

70



4.0

3.8

:3.6

3.4

32

3.0

2.8

~2.6

0 2.4

2.2

2.0
u- 1.8
0 00

o 1.6

< 1.4

1.2 0

1.0 0

.8 0

.6 0

.4 1

.2 00 0

: I g i ' i e

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 30. Range of Data Values for Ratio of BWA to I A vs. Frequency
(R = 5 a); R0 = 20 =n, Z = Z = 0.0 cm, 0 = (2-14 kHz)
Run I, and 0 (16-40 kHz), Range of Four Data Values.

71



4.0

3.8

3.6

3.4

32

3.0

2.8 +

~2.6

o 2.4T
~T

2.2

~2.0
W. 0, '0 ,0

o 1.6 oooO,

< 1.
0i/

1.2 00

I.01.0 0

.8 0

.6 0

.4
0

.2 0 0 0

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 31. Range of Data Values for Ratio of BTA to tW vs. Frequency
(R= 10 a,) R = 20 =, Z = Z= 0.0n, 0 = (2-14 kHz),
Range of Two' Rta Values, and § (16-40 kHz), Range of
Four Data Values. Tolstoy Theory Line R. = 20 c= over
Rough Planar Surface.

72



4.0

3.8

3.6

3.4

32

3.0

2.8

~2.6

0 2.4

2.2

U. 1.8 o
0

1.6 0

1.4 0
n," T

1.2 o

1.0

.8

.6 0

.4

.2 0 0

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 32. Range of Data Values for Ratio of BWA to 1V vs. Frequency
(R = 15 an); R = 20 n, Z = Z0 = 0.0 an, and u = Range
of Four Values.

73



4.0

3.8

3.6

3.4

32

3.0

2.8

~2.6

0 2.4

T

~ 2.0 ,

1.8 -t0

o .6

1-4- 1.4 +
1.2 0

1.0 0

.8
0

.6 0

,4 0
00

.2 o0 00

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 33. Range of Data Values for Ratio of 3A to OVA vs. Frequency
(R = 20 an)- R = 2C an, Z = Z0 = 0.0 an, 0 = Range of
Four Data Values.

74



4.0

3.8

3.6

3.4

32

3.0

2.8

~ 2.6

0 2.4

2.2 .

2.0

U- 1.80

o 1.6 7
1.4

1.2

1.0

.8

.6

.4

.2

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 34. Range of Data Values for Ratio of SA to D vs. Frequency
(R = 25 cm);R = 2O0 an, Z = z o.o ,and Range
of Four Data vgiues. 0

75



4.0

3.8

3.6

3.4

32

3.0

2.8 1

2.6

0 2.44

2.2 T

2.0 T00
0 0 0

o 1.6 0
- T o

S1.4 0-

1.2 1-

1.0 0

.8 0

.6 0

0.4

.2 
0

i ; - : - I o J I

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 35. Range of Data Values for Ratio of BWA to DAA vs. Frequency

(R = 30 c=); R = 20 cm, Z = Z = 0.0 cmr, and 0 = Range

of Four Data iJlues. 0

76



4.0

3.8

3.6

3.4

32

3.0

2.8

:2.6

o 2.4
22

3 2.0 -

"- 1.80 +-
o 1.6

< 141
1.2 A
1.0 2
.8

.6A

.4

.2 A
A
S I I I I I I * S

4 8 12 16 20 24 28 32 36 40
FREQUENCY (KHZ)

Figure 36. Range of Data Values for Ratio of 3IN to I A vs. Frequency
(R = 35 cm); P = 20 an, Z = Z = 0.0 an, and I = Range
of Four Data lues. "

77



of data. The R = 10 cm. value has its 2-14 kHz band plotted

for only 2 runs, but again the 16-40 kHz was plotted for four

runs. All other ranges, 15 through 35 cm., show the devia-

tions of four data combinations in both bands. There is a

particularly small range of data values in the important

frequency range of 2-24 kHz. The data were compared to theory

for propagation over 20 cm. of the rough planar surface. It

can be seen that the data agree closely with these theoreti-

cal values. Additionally, Figures 37-43 show the log ampli-

tude against log frequency. The average frequency dependence

determined by linear regression was 1.7 (see Table V) in com-

parison with that of the plane rough surface theory of 1.5

(see equation 13) . Figure 44, a plot of log amplitude versus

log range shows that the amplitude is independent of range

beyond the crest (see Table VI) . The conclusion is that the

boundary wave arriving at the crest diffracts and propagates

the same as the volume wave, therefore no net effect is observed

in the ratio of the boundary wave to the diffracted volume

wave amplitude.

The phase difference between boundary wave and diffracted

wave in degrees are plotted in Figures 45 and 46. The phase

difference is larger in the low frequencies 2-8 kHz and de-

creases in the range 10 to 24 kHz. Figure 46 shows that the

phase difference for frequencies 10, 16, 22 kI-z vary onlY

slightly for the various ranges.

In essence a new source has been created at the crest of

the wedge whose amplitude characteristics were determined by
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Figure 37. Log Ratio BWA to IYA vs. Log Frequency (R = 3 an);
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-= slope 1.7 (se Table V).

79



5r

.5 0
0 T

0 0

00

oo

-J .05

2 5 10 20 30 40

LOG FREQU~tICY (KHZ-)
Figure 38. Log Ratio BWA to DWA vs. Log Frequency (R = 10 an);

R 20 cn, Z = Zo = 0.0 cm, 0 = Run I and - = slope
1.97 (see Table V).

80



5.

r#

rnr
.5

0
_J .0 5

2 5 I0 20 350 40
LOG FREQUE-HCY (KHZ-)
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Figure 40. Log Ratio BtA to aI vs. Log Frequency (R = 20 an);
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1.7 (see Table %1.
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Figure 42. Log Ratio SA to DIA vs. Log Frequency (R = 30 cm);
R = 20 =, Z =z = 0.0 an, 0 = Run I, and - = slope
197 (see Table V) .
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Table IV

Semi-Empirical Calculations of Ratio
BWA to DWA for Rough Wedge

2 0/2 1/2

BWAI 4 F k2 w  R Re f
DWA w (Equation 19)

= 8.875 x 10 - 2

6 = 3.630 radiansw

R = 20.0 cm.

Ref (Avg) = 2.493 x 10 - 3 cm. t 1.297 × 10 - 3 cm.

3= 1.993

FREQ BWA
(kHz) DWA

2 .0192

4 .0766

6 .1724

8 .3066

10 .4790

12 .6898

14 .9388

16 1.226

18 1.552

20 1.916

22 2.318

24 2.759

26 3.238

28 3.755
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Table V

Determination of Frequency Dependence
of the Ratio of BWA to DWA

Rough to Smooth Surface Wedge Range (an.) Slope

5 1.652

10 1.729

15 1.680

20 1.620

25 1.711

30 1.859

35 1.699

Parameters: Ranges 5-25 cn. used frequency range 6-24 kHz, Ranges 30-35
cn. used frequency range 8-24 kHz, Average slope 1.7.

Smooth to Rough Surface Wedge R (an.) Slope

5 2.45

20 1.82

30 1.71

35 1.97

Parameters: Determined over frequency range 16-24 kHz, Average slope

1.99 (= 2.0).

Rough to Rough Surface Wedge Rane (an.) Slope

5 1.657

10 2.085

15 2.139

20 1.870

25 1.857

30 2.035

35 2.210

Parameters: Determined over frequency range 6-24 kHz, Average slope
1.98 (& 2.0).

All slopes determined using linear regression for log range versus
log amplitude data values.
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Table VI

Determination of Range Dependence
of the Ratio of BWA to DWA

Rough to Snzoth Surface Wedge Frequency (kHz) Slp

10 0.02

16 0.02

18 0.00

22 0.01

Parameters: Determined over ranges 5-30 cm. Average slope 0.01.

Smooth to Rough Surface Wedge Frequency (kHz)

10 .33

12 .21

14 .21

16 .66

18 .68

20 .62

22 .56

24 .56

Paramters: Determined over ranges 5, 20, 30, 35 an., Average slope .48.

Rough to Rough Surface Wedge Frequency (kHz)

10 0.12

16 0.27

18 0.27

22 0.36

Parameters: Determined over ranges 5-30 cm. Average slope .26.

All slopes determined using linear regression for log frequency versus
log amplitude data values.
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the initial propagation for 20 cm. over the rough surface

in agreement with theory (see Figure 47) . Having accomplished

step two, the next goal was to study the boundary wave propa-

gation over the crest to a rough surfaced back wedge.

C. THE PROPAGATION OF A BOUNDARY WAVE OVER A ROUGH SURFACED

WEDGE

This phase of the experiment was run exactly as the pre-

ceding case using the same amplifications, bandwindows, and

averaging. The results for two data runs at each range are

plotted in Figures 48-54. The range of data values for the

possible four combinations are plotted in Figures 55-61.

Again excellent reproducibility in values was obtained. The

ratio of amplitudes was observed to be growing more rapidly

with frequency than previous values and in the maximum case

the boundary wave amplitude was four times greater than the

diffracting wave amplitude. The log amplitude versus log

frequency was plotted for one run each in Figures 62-68.

These plots show an increase in frequency dependence compared

to plane rough surface propagation. The slope of the fre-

quency dependence from 6-24 kflz, using linear regression,

showed an average power law of 1.98 for ranges 10 to 35 cm.

(see Table V) . The plot of log amplitude versus log range,

Figure 69, showed a range dependence of 0.3 : .1 (see Table VI).

The phase difference between the boundary wave and the

diffracted wave in degrees are plotted in Figures 70 and 71.

Figure 70 shows that the phase difference decreases from 2 to
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of Four Data M 0
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Figure 58. Range of Data Values for Ratio of BWA to DX'A vs. Frequency
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of Four Data lues.
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Figure 59. Range of Data Values for Ratio of BWA to DWA
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Figure 62. Log Ratio BWU, to Da vs. Log Frequency (R = 5 an);
R = 20 an, Z = Z = 0.0 an, x = Run I, and - = Slope
(9.0) (see Table 9).
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Figure 63. Log Ratio BWA to IA vs. Log Frequency (R = 10 an);
R =20 an, Z=Z = 0.0=, x=Run I, and- =Slope
(9.0) (see Table 4).
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Figure 64. Log Ratio B to UW vs. Log Frequency (R = 15 arj;
R = 20 cm, Z = Z = 0.0 cm, 0 = Run I, and - = Slope
(9.0) (see Table

110



5.

.5

05

2 5 10 20 30040
LOG FREQU~h1C Y (K HZ-)

Figure 65. Log Ratio BWA to DWA vs. Log Frequency
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0 = Run I, and -=slope (2.0? (see Table V).
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Figure 68. Log Ratio 3- to MR vs. Log Frequency (R -, 35 an)
R 20 an, Z-, Z. =-0.0 an, 0=-- bm I, and- = Slope(.0) (see Table ).
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41 10 kHz, x = 22 kHz, and -=Slope (0.3)
(see Table VI).
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10 kHz, reaches a minimum at 10 kHz, and increases through

24 kHz. The phase difference again only varies slightly

with range from frequencies 8 to 24 kHz.

D. GENERATION OF A BOUNDARY WAVE BY A PHASED LINE SOURCE

The third task was run last to facilitate the wedge

configuration. This phase required that the front side of

the wedge be smooth and the back side be rough. This would

enable the measurement of the growth of the boundary wave

beyond the crest generated by the diffracting volume wave

at the crest. The wedge configuration was readied by simply

scraping off the shot from the source side of the previously

used wedge. The procedure followed for taking data remained

the same except only ranges, R, at 5, 20, 30, and 35 cm. were

used. The data for two runs are plotted for each distance in

Figures 72-75. The range of data values for the four possi-

ble combinations are plotted in Figures 76-79. The range of

data values again is very small. In comparison with the

theoretical growth with frequency of the boundary wave over

a rough planar surface due to a point source, the amplitude

ratio was observed to be growing more rapidly for the phased

line source at the crest (see Figure 73). Figures 80-83 show

the log amplitude plotted against the log frequency. An aver-

age frequency dependence of 1.99 was calculated using linear

regression for the range from 16 to 24 kHz (see Table v).

Figure 84 shows the plot of log amplitude versus log range.
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Figure 73. Ratio of BWA to OM vs. Frequency (R = 20 am); R = 20 an,
Z = Z = 0.0 an, 0 = Run I, and A = Run II. Toistoy
Theory for Sound Propagation at a Range of 20 an, over
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Figure 74. Ratio of BWA to D vs. Frequency (R = 30-an);
R0 =20 an, Z = Z0 = 0.0 an, 3 = Run I, and
L= Run II.
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Figure 75. Ratio of BW to 9 vs. Frequency (R = 35 -an);
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A = Run II.
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Figure 76. Range of Data Values for Ratio BWA to DWA vs.
Frequency (R = 5 cm); Range of Four Data Values.
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Figure 78. Range of Data Values for Ratio BRA to DWA vs. Frequency
(R = 30 an); R = 20 an, Z = Z0 = 0.0 cm, Range of
Four Data Values.
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Figure 80. log Ratio MA to MA vs. Log Frequency (R = 5 an);
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(.0) (see Table 4).
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Figure 82. Log Ratio MA to M A vs. Log Frequency (R = 30 an);
SR =20 dm, Z = Z^ = 0.0 an, a = Run I, and - Slope
(2.0) (see Table 0).

129



5.

, .5

0 0

0
o 0

I-

cr.

C,
0
-J .05

2 5 I0 20 30 40
LOG FREQUENCY (KHZJ

Figure 83. Log Ratio EwA to cm' vs. Log Frequency (R = 35 an);
R ,20 n, Z- Z - 0.0 a=, 0 - Run I, and - = Slope
( .0) (ss 'Table 9).

130



00

1.0

03

5 10 20 30 40

LOG RANGE (CN0l.

riqure 84. Log Ratio BIW to DkA vs. Log Range - R =20 a.,
Z =Zn = 0.0 ar, 0 1 0 kdiz, ' = 16 iz, x = 22 kliz,
a T 8 kliz, and - Slope (0.5) '\see Table -I).

131

03 . o



Again using linear regression, an average range dependence

of .48 was calculated for a frequency range of 10 to 24 kHz

(see Table VI).

E. SEMI-EMPIRICAL DEVELOPMENT

In this experiment three different aspects of the boundary

wave were observed, first the initial generation by near

grazing incidence at a plane surface, second the diffraction

over the crest, and subsequently the continued growth as the

wave propagated over the other side. To develop a semi-

empirical formula to predict the amplitude ratio of the boundary

wave to the diffracted wave, the approach taken was to combine

the Tolstoy theory of boundary wave generation over a rough

plane surface and the Biot-Tolstoy theory for diffraction

over an infinite smooth plane rigid wedge.

The amplitude of the boundary wave generated at grazing

incidence by a source and receiver at zero height from Tolstoy

theory is

PBWA (2R) -1/2 k 3/2 (14)

Therefore if we assume the boundary wave grows in the same

manner from source at range R0 to crest to receiver at range

R from crest

1/2 3/2
PBWA .[2,(R +R 0) k 15)

However, assuming cylindrical divergence from the crest
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PBwA = £[21(R+R)]/2 k3/ 2 (Rref)1/2 (16)
BW'0 R

where R ref is the effective source range of the diverging

wave measured from the crest. The Biot-Tolstoy theory for

diffraction has been simplified for high frequencies by

Medwin [Ref. 41.

I PDWAI = /f 1 / 2 /(41T w) (2T 0 R0 R) 1/2  (17)

where

R + R0 (18)

C

The ratio therefore is

PBwA 4 E k2 8w R0112  1/2

Rref (19)
P DWA

All the values have been experimentally measured except

Rref is unknown. Rref is the point at which the boundary

wave diverges cylindrically and should be the crest; however,

since the boundary wave would be infinite at R = 0, a common

reference point must be determined. Using the data from 8

to 24 kHz and R from 10 to 35 cm., a total of 54 values,
-3

the average value of Rre f was calculated to be 2.5 xlO cm.

In fact the reference point is essentially at the crest.

The semi-empirical values are calculated for the amplitude
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ratio of the boundary wave to diffracted wave from the formula

using the above reference and are shown in Table IV. This

semi-empirical theory is compared with the average data runs

at 10, 20, and 30 cm in Figure 87. The agreement up to

Kh < 1 is excellent.
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Figure 85. Effect of Boundary Wave Growth from Source to Crest
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VI. CONCLUSIONS

The experiment has studied the propagation over a rough

wedge of an acoustic scattered boundary wave generated by

low frequency radiation at near grazing incidence from a point

source. Three important factors necessary for an understanding

of this phenomenon are:

1. The boundary wave and the volume wave both diffract

from the crest of the wedge and propagate over a smooth

surface in an identical manner.

2. The increase with frequency of the amplitude ratio of

the boundary wave to the geometrically spreading wave due to

the phased line source crdated at the crest by the diffracting

volume wave is more rapid than that from a point source over

a rough plane surface.

3. The growth of the amplitude ratio of the boundary wave

to the diffracted wave over a rough wedge has an average

frequency dependence of 2.0 ± .2 and an average range

dependence of 0.3 ± .1.

A semi-empirical approach combining the Tolstoy theory

of boundary wave generation over a rough plane surface and

the Biot-Tolstoy theory for diffraction over an infinite

smooth plane rigid wedge has led to predicted values that are

in excellent agreement with experimental results. The most

significant aspect of this experiment from an application
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point of view was the generation of a boundary wave over

the surface whose experimentally measured amplitude for the

maximum case was four times greater than the amplitude of

the diffracting volume wave.
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